The prophenoloxidase (proPO) system catalysing the melanin production is 24 considered as implicated in the innate immune system in invertebrates. The phenoloxidase 25 (PO)-like activity was detected in the cuttlefish embryo sampled at the end of the 26 organogenesis and few hours before hatching. Various modulators of the PO activity were 27 used to assess the triggering of the proPO activating system. The results demonstrated the 28 evidence of a true phenoloxidase activity in the cuttlefish embryo. However, SDS and LPS 29 granted contrasting effects on the PO-like activity between the developmental stages 30 suggesting a progressive maturation of the proPO system from the embryonic to the 31 juvenile stages. In eggs exposed to dissolved trace metals all along the embryonic 32 
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The prophenoloxidase (proPO) system catalysing the melanin production is 24 considered as implicated in the innate immune system in invertebrates. The phenoloxidase 25 (PO)-like activity was detected in the cuttlefish embryo sampled at the end of the 26 organogenesis and few hours before hatching. Various modulators of the PO activity were 27 used to assess the triggering of the proPO activating system. The results demonstrated the 28 evidence of a true phenoloxidase activity in the cuttlefish embryo. However, SDS and LPS 29 granted contrasting effects on the PO-like activity between the developmental stages 30 suggesting a progressive maturation of the proPO system from the embryonic to the 31 juvenile stages. In eggs exposed to dissolved trace metals all along the embryonic 32 development, Ag (1.2 µg L -1 ) inhibited the PO-like activity in the cuttlefish embryo except 33 at hatching time, suggesting the synthesis of a new "juvenile" form of the phenoloxidase 34 enzyme. In similar conditions as for Ag, Cu (230 µg L -1 ) stimulated and then inhibited the 35
Introduction

44
In invertebrates, the phenoloxidase (PO) is a Cu-dependent enzyme involved in the innate 45 defence mechanism, capable of catalyzing the oxidation of phenols such as of L-3, 4-46 dihydroxyphenylalanine (L-Dopa) to quinones, which subsequently are transformed 47
Crassostrea gigas in vitro and in vivo [33] . Concerning trace metals, the proPO system 94 activation in the Norway lobster Nephrops norvegicus was blocked by manganese [34] and 95
in vitro experiments showed that mercury suppressed the L-Dopa transformation in the 96 haemolymph of Crassostrea gigas [13] . 97
In the common cuttlefish Sepia officinalis, Ag, Co, Hg, Mn and Zn trace metals have 98
shown to penetrate through the eggshell during the developmental time [35, 36, 37] . 99
Moreover, since haemocyanin/PO catalytic domains are copper-dependent [19, 26] , i.e. 100 two copper atoms are essential to the oxygen binding in the catalytic active site, copper 101 and other metals may act as inhibitory surrogates by blocking oxygen and/or substrate 102 binding to the active site [38, 39] . Therefore, the PO-like activity of cuttlefish embryo 103 could be modulated in natural condition by these trace metals. 104
In this study, in vivo experiments on the detection and the modulation of the PO-like 105 activity have been conducted in the cuttlefish embryo at two developmental stages: i.e. the 106 end of the organogenesis occurring 32 days after the egg laying (d32) and a few hours 107 before hatching, i.e. after 50 days of development (d50). Several specific inhibitors and 108 activators of the PO activity were used to modulate the activation of the proPO system in 109 order to characterise the processes of PO activation and the potential evolution of the 110 proPO system during the embryonic development. Finally, PO-like activity was measured 111 from d32 to d50 in cuttlefish embryos from eggs exposed since the spawning time to one 112 toxic metal (Ag), which highly accumulate in embryonic tissues [40] and to one essential 113 (Cu) which is a co-factor of the PO enzyme. The cuttlefish eggs were collected on pots from the west coast of Cotentin, France, by local 118 fishermen. Because pots were picked up every day, sampled eggs were laid in the previous 119 24-48 h. In the laboratory, eggs were separated for optimal oxygenation and placed into 120 floating sieves in a rearing structure as described by Koueta and Boucaud-Camou [41] . and separating the egg compartments, eggs were sampled from control conditions for the 135 detection of the PO-like activity in the embryo (n = 4) and to test the effects of several 136 modulators on it (n = 3 for each modulator test). Finally, 2 and 3 eggs were collected at 137 different times from each duplicated tank (4 and 6 eggs per condition, respectively) to 138 determine the effect of metal on PO-like activity and the metal concentration in the 139 embryonic tissues, respectively. Eggs were weighed (wet wt), frozen in liquid nitrogen, 140
and stored at -80°C before further analyses. Non-contaminated eggs were also sampled for 141 the characterisation of PO-like activity assays. analysis of variance (ANOVA) was applied to determine the differences among the 187 different developmental stages. A Kruskall-Wallis test was applied to determine the 188 significant differences among treatments and controls at different development time. P 189 values lower than 0.05 were used to identify significant differences. 190
Results
192
Detection of PO-like activity in the cuttlefish embryo 193
The transformation of the L-Dopa to dopachromes was followed during 120 h incubation 194 period (Fig. 1) . Measures of Abs490 increased progressively with incubation time and then 195 reached steady state equilibrium after 96 h suggesting that the proPO system was totally 196 activated after this incubation period. Therefore, PO-like activity values were considered in 197 this study after 96h of incubation with L-Dopa. 198 Table 2 shows the effects of different well-known inhibitors of the PO activity, which were 199 tested on embryo at the end of the embryogenesis (d32) The effect of metal was also tested on PO-like activity, which was measured in the control 214 embryos and in embryos exposed to 1.2 µg Ag L -1 , from the end of the organogenesis 215 development, the Abs490 measured in the exposed embryos was 2-, 2-, 3-, and 4-fold 217 lower, respectively, than in the control. However, a few hours before hatching, PO-like 218 activity in controls decreased whereas it increased significantly in the exposed embryo 219 (0.64 ± 0.03 vs. 0.44 ± 0.04 in the Ag-exposed and control embryos, respectively; P < 220 0.05). 221 PO-like activity in the embryo exposed to Cu showed a two-phase kinetic compared to the 222 control group. Indeed, between d32 and d40, Abs490 in the exposed-group were 223 significantly higher (d32 and d40; P < 0.05) or similar (d36; P > 0.05) than these measured 224 in the control embryos. Then, the PO-like activity in the Cu exposed embryos decreased 225 and remained lower compared to control values (P < 0.05) until hatching time. Statistical 226 analysis confirmed the effect of metal on PO-like activity detection. 227 228
Metal concentration in embryos 229
For both metals, exposed embryos showed higher concentrations compared to the control 230 (Table 1 ), 1) proving that the experimental procedure of contamination succeed and 2) 231 indicating that dissolved trace metals in seawater accumulated in the embryonic tissues 232 during the egg development. As a result of the dilution effect due to the increasing egg 233 weight of the embryo, metal concentrations decreased or remained stable between the end 234 of the embryogenesis (d32) and the end of the embryonic development (d50). However, 235
increasing Ag and Cu contents in the exposed embryo suggested a progressive metal 236 accumulation all along this development period. 237 The present study revealed the detection of a PO-like activity during the post-241 organogenesis period of the common cuttlefish embryo. Enzymes such as peroxidases may 242 act on the same substrates than POs. Therefore, the potential substrate of peroxidases and 243 specific inhibitor of PO activity, tropolone, was used in this study [7, 30] . The suppression 244 of Abs490 in the wells by tropolone, confirmed that only PO-like activity was detected. 245
Moreover, additions of PTU, EDTA, or ß-2-mercaptoethanol, leading to copper chelation, 246 Hc form), and 2) the inhibitor effect of EDTA in embryos whereas no effect was 295 highlighted in adult cuttlefish [18] . 296
Few works studied the effect of trace metals on the PO-like activity in molluscs, as well in 297 vivo as in vitro conditions [e.g. 13, 54]. In this study, Ag repressed the spontaneous activity 298 in the embryo exposed to the metal. Indeed, Lacoue-Labarthe et al. [40] demonstrated that 299
Ag highly accumulated in the embryonic tissues from this stage and could lead to a toxic 300 effect on enzymatic functions. To the best of our knowledge, this is the first time that Ag 301 effect on the PO activity was assessed. Nevertheless, it is known that Ag could disturb, in 302 vitro, the activity of another Cu-dependant enzyme, i.e. the cathepsin from the cuttlefish 303 digestive gland [55] . Moreover, since haemocyanin/PO catalytic domains are copper-304 dependent [19, 26] , a biochemical interaction of Ag with molecular oxygen, the catalytic 305 active site and/or with the substrate may impede active site accessibility to oxygen and/or 306 the substrate [38, 39] . However, it is surprising that, at the last developmental stage, the 307 PO-like activity detected in exposed embryo was higher than the one found in the control 308 samples. This may arise for two reasons: 1) the new "juvenile" form of the haemocyanin 309 was predominant on the old "embryonic" one few hours before hatching [51, 53] and 2) its 310 activity was not altered by Ag exposition. Further studies should be carried out to 311 determine the effect of Ag exposure on the PO-like activity in juvenile cuttlefish and verify 312 the sensitivity of PO juvenile form to the metal. Following Cu-exposure, no effect or a 313 slight stimulation of the PO-like activity was observed between d32 and d40. In 314 cephalopod, Cu concentration in the egg varied slightly all along the embryonicmother to the egg by metal incorporation into the vitellus [56, 57] and thus supplied the 317 needs of the embryo. Nevertheless, the higher Cu tissue burdens in the exposed embryo 318 suggest that Cu could progressively penetrate through the eggshell during the development 319 as shown for others essential metals such as Zn [58] . The behaviour of Cu could explain 320 the slight PO stimulation observed between d32 and d40, followed by an inhibition of the 321 enzyme activity when the metal reached a toxicity threshold in the embryonic tissues [54] . Table 1 . Metal concentrations (mean ± SD, µg g -1 dwt; n=6) and metal content (mean ± SD, ng for Ag and Cd, µg for Cu; n=6) in embryos from eggs sampled in non-contaminated condition (control) and exposed to 1.2 µg l -1 and 230 µg l -1 of dissolved Ag and Cu, respectively, at the end of the organogenesis (d32) and at the end of the development (d50). DOLT-3: Comparison of Ag and Cu certified concentrations (mean ± SD, µg g Table 2 . PO-like activity (expressed as a percentage of the control activity; mean ± SD; %) with different inhibitors in the embryo of the common cuttlefish Sepia officinalis at the end of the organogenesis (d32) and at the end of the embryonic development (d50). Table 3 . PO-like activity (expressed as a percentage of the control activity; mean ± SD; %) with different elicitors in the embryo of Sepia officinalis at the end of the organogenesis (d32) and at the end of the embryonic development (d50). 
